The cingulate cortex is richly innervated by dopaminergic projections and plays a critical role in attentional control (AC). Evidence indicates that dopamine enhances the neurophysiological signal-to-noise ratio and that dopaminergic tone in the frontal cortex is critically dependent on catechol-O-methyltransferase (COMT). A functional polymorphism (val 158 met) in the COMT gene accounts for some of the individual variability in executive function mediated by the dorsolateral prefrontal cortex. We explored the effect of this genetic polymorphism on cingulate engagement during a novel AC task. We found that the COMT val 158 met polymorphism also affects the function of the cingulate during AC. Individuals homozygous for the high-activity valine ("val") allele show greater activity and poorer performance than val/methionine ("met") heterozygotes, who in turn show greater activity and poorer performance than individuals homozygous for the low-activity met allele, and these effects are most evident at the highest demand for AC. These results indicate that met allele load and presumably enhanced dopaminergic tone improve the "efficiency" of local circuit processing within the cingulate cortex and thereby its function during AC.
Introduction
Cognitive control, the capacity to flexibly direct and allocate resources to a goal by selecting and integrating relevant contextual information, is critical for higher mental abilities. Two important aspects of cognitive control include monitoring performance in the face of conflicts and deciding when and how to allocate control and attentional resources and thus biasing lower-level "centers" for the selection of specific features. Increasing the level of perceptual conflict increases the demand for attentional control. Previous functional imaging studies in humans have demonstrated that attentional control is associated with the activity of a network of brain regions, including the dorsal and anterior part of the cingulate cortex (Carter et al., 1998 Botvinick et al., 1999; Casey et al., 2000; MacDonald et al., 2000; Durston et al., 2003; Weissman et al., 2003; Kerns et al., 2004) , the dorsolateral prefrontal cortex (DLPFC) (Botvinick et al., 1999; Carter et al., 2000; MacDonald et al., 2000; Durston et al., 2003; Kerns et al., 2004) , and the parietal cortex (Casey et al., 2000; Durston et al., 2003) . More specifically, the cingulate cortex is implicated in detecting and/or monitoring conflict between stimuli (Botvinick et al., 1999; Carter et al., 2000; MacDonald et al., 2000; Durston et al., 2003; Kerns et al., 2004) , whereas the dorsolateral prefrontal cortex and the parietal cortex are implicated in implementing control (Botvinick et al., 1999; Carter et al., 2000; MacDonald et al., 2000; Durston et al., 2003; Kerns et al., 2004) and orienting attention (Desimone and Duncan, 1995; Casey et al., 2000; Corbetta and Shulman, 2002; Durston et al., 2003) . Recently, Durston et al. (2003) , using a task with parametrically increasing level of cognitive conflict, demonstrated that the peak of neuronal activity in the cingulate is much more likely to be associated with conflict monitoring than other regions in the network.
The cingulate cortex is richly innervated by dopaminergic projections from the mesencephalic ventrotegmental area (VTA) (Seamans and Yang, 2004) . Dysfunction of the dopaminergic system has been implicated in the attentional control deficits that are characteristic of neuropsychiatric disorders such as schizophrenia, Parkinson's disease, and attention deficit hyperactivity disorder, as well as advanced aging (Nieoullon, 2002) . Converging evidence from studies in experimental animals and neuroimaging studies in humans indicates that dopamine (DA) spatially tunes the neuronal signal during executive processing and enhances the cortical neurophysiological signal-to-noise ratio (Daniel et al., 1991; Mattay et al., 1996; Seamans et al., 2001a,b; Gonzalez-Burgos et al., 2002; Seamans and Yang, 2004) . Additional support for the role of dopamine in optimizing cortical activity comes from recent studies assessing the contribution of catechol-O-methyltransferase (COMT) Mattay et al., 2003; Bertolino et al., 2004 ) and other DA-related genes (Fossella et al., 2002; Fan et al., 2003) . Converging evidence indicates that methylation by COMT is an important mechanism for cortical dopamine inactivation in the prefrontal cortex, where the dopamine transporter has relatively little density or impact (Sesack et al., 1998; Moron et al., 2002; Shen et al., 2004) . Pharmacological COMT inhibitors, which increase extracellular dopamine in the prefrontal cortex (Tunbridge et al., 2004) , also improve working memory performance (Liljequist et al., 1997) and attentional set shifting (Tunbridge et al., 2004) in animals. Similarly, studies in COMT knock-out mice have shown allele load-dependent specific increases in PFC dopamine levels and no change in other catecholamines (Gogos et al., 1998) .
Recent evidence also indicates that a functional polymorphism in the gene for COMT accounts for some of the individual variability across healthy controls on tests of executive cognition (Goldberg and Weinberger, 2004) . The human COMT gene is located on the long arm of chromosome 22 and contains a common functional polymorphism with a methionine ("met") to valine ("val") substitution at codon 158 (val 158 met) (Mannisto and Kaakkola, 1999) . The met allele is associated with low enzymatic activity, whereas the val allele is associated with high activity (Weinshilboum et al., 1999; Chen et al., 2004) . Therefore, it has been hypothesized that individuals homozygous for the met allele compared with individuals homozygous for the val allele have increased cortical dopamine signaling possibly associated with more efficient modulation of cortical processing. Consistent with this model, several groups Bilder et al., 2002; Bertolino et al., 2004) have demonstrated in humans that individuals homozygous for the val allele have relatively attenuated performance on tests of executive cognition, along with inefficient prefrontal cortical activity when compared with met carriers. Collectively, these results suggest that COMT plays an important role in modulating DA levels in the PFC and that the val 158 met polymorphism is a genetic factor accounting for variability across individuals in prefrontal cortex function.
Previously, the effects of this polymorphism have been primarily investigated on the function of the DLPFC. Its effects on the function of other regions in the prefrontal cortex, such as the cingulate, have been unexplored. The present study was designed to evaluate the potential effect of the COMT val 158 met polymorphism on the response of the cingulate during attentional control processing, when conflicting information is presented. To this end, we developed a "variable attentional control" (VAC) task, which was specifically designed to vary the level of attentional control-based global-local dimensions and congruence of the stimuli across three levels of attentional control (low, intermediate, and high). Using functional magnetic resonance imaging (fMRI) during this task, we found main effects of task difficulty in several brain regions prominently implicated in attentional control processes, including the dorsal cingulate, the dorsolateral prefrontal, and the parietal cortices. This was associated with a significant detriment in performance, reflected by a decrease in accuracy and an increase in reaction time (RT). Based on the putative cortical tuning effects of dopamine, we hypothesized that individuals homozygous for the COMT val allele (i.e., subjects with relatively lower cortical dopamine levels) would exhibit an inefficient neurophysiological response in the cingulate, along with poor performance relative to individuals homozygous for the met allele. Our results support this hypothesis.
Materials and Methods

Subjects
Twenty-three normal subjects [12 males; age Ϯ SE, 26.3 Ϯ 1.1; intelligence quotient (IQ) Ϯ SE, 104.7 Ϯ 1.6; eight val/val (five males; age Ϯ SE, 26.7 Ϯ 1.9; IQ Ϯ SE, 103.0 Ϯ 2.9), eight val/met (five males; age Ϯ SE, 25.0 Ϯ 1.1; IQ Ϯ SE, 105.4 Ϯ 3.7), and seven met/met (two males; age Ϯ SE, 27.3 Ϯ 2.9; IQ Ϯ SE, 104.8 Ϯ 2.6)], who had undergone extensive clinical evaluation, were recruited. Inclusion criteria were the absence of any neurological and psychiatric disorders and any other medical condition, absence of any pharmacological treatment that could influence cerebral metabolism or blood flow, absence of drug abuse, age of Ͻ45 years, and handedness Ͼ0.8, as measured with the Edinburgh Handedness Inventory (Oldfield, 1971) . Genotype groups were matched for age, IQ, handedness, and gender ( ϭ 2.24; df ϭ 2; p ϭ 0.3).
All of these subjects underwent fMRI while performing the VAC task. All subjects gave written informed consent to the study after the procedure was fully explained to them. The protocol was approved by the National Institute of Mental Health Institutional Review Board.
Variable attentional control task
Subjects performed a behavioral task (Fig. 1 ) that was specifically designed to increase perceptual conflict. Briefly, each stimulus was composed of arrows of three different sizes (1 large, 6 medium, and 42 small arrows) pointing either to the right or to the left; seven small arrows were embedded in each medium-sized arrow, and six medium-sized arrows were embedded in the large arrow. The direction of the arrows in each particular size was always the same Subjects were instructed by a cue word (BIG, MEDIUM, or SMALL) displayed above each stimulus to press a button corresponding to the direction of the large, medium, or small arrows (either right or left). To increase the required level of conflict monitoring, the direction of the arrows was congruent or incongruent across all three sizes. This resulted in the following conditions: (1) Low level of attentional control (LOW): all three sizes of arrows were congruent in direction with each other, and the stimuli were cued with the word BIG. (2) Intermediate level of attentional control (INT): the big arrow was incongruent in direction to the small and the medium arrows; the cue was either BIG or SMALL. (3) High level of attentional control (HIGH): the medium-sized arrows were incongruent in direction to the big and the small arrows; the cue was either SMALL or MEDIUM. In addition, a simple bold arrow pointing to either the left or right was used as a sensorimotor control condition with no conflict.
Subjects were instructed to press as quickly and accurately as possible and to move their thumb to a small plastic knob placed in the center of the array of buttons between responses. All subjects were trained on the task before the fMRI session. Only subjects who demonstrated a linear RT response to attentional control were included.
Each stimulus was presented for 800 ms, and the order of the stimuli was randomly distributed across the session (Friston et al., 1999) . The randomization of the sequence of stimulus presentation was established according to the stochastic design option in Statistical Parametric Mapping 99 (SPM99) software (Wellcome Department of Imaging Neuroscience, University College London, London, UK). The total number of stimuli was 241: 50 HIGH (25 stimuli of each of the two stimulus types that subtended this level of conflict), 68 INT (34 stimuli of each of the two stimulus types that subtended this level of conflict), 57 LOW, and 66 simple bold arrows (sensorimotor control condition) (Fig. 1) ; the total duration of the task was 10 min, 8 s. A fixation cross-hair was presented during the interstimulus interval, which ranged from 2000 to 6000 ms.
Blood oxygen level-dependent fMRI
Blood oxygen level-dependent (BOLD) fMRI was performed on a General Electric (Milwaukee, WI) Signa 3T scanner (gradient-echo planarimaging sequence; repetition time, 2000 ms; echo time, 28 ms; 26 interleaved slices; thickness, 4 mm; gap, 1 mm; voxel size, 3.75 ϫ 3.75 ϫ 5; scan repetitions, 300; flip angle, 90°; field of view, 24 cm; matrix, 64 ϫ 64) while subjects performed the VAC task. The first four scans were discarded to allow for signal saturation. Stimuli were presented via a back-projection system, and the responses were recorded through a fiberoptic response box, which allowed the measurement of the accuracy and reaction time for each trial.
Data analysis
Behavioral data. Behavioral data [accuracy (percentage correct) and reaction time for correct responses] were compared for each level of attentional control using analysis of covariance (ANCOVA) with COMT genotype as a grouping factor and gender as a covariate of no interest. We opted to covary for gender because several studies have shown a sexually dimorphic effect of COMT on dopamine levels and behavior (Gogos et al., 1998; Karayiorgou et al., 1999; Alsobrook et al., 2002; Goudreau et al., 2002; Rybakowski et al., 2002; Kremer et al., 2003; Chen et al., 2004; Domschke et al., 2004; Ono et al., 2004; Sazci et al., 2004; Shifman et al., 2004) ; furthermore, estrogen hormones have been shown to modulate COMT activity (Weinshilboum et al., 1999 ). Fisher's least significant difference (LSD) method was used for post hoc analyses. Accuracy was measured as the percentage of correct responses relative to the total number of stimuli for each level of attentional control.
fMRI analysis. Whole-brain image analysis was completed using SPM99 (www.fil.ion. ucl.ac.uk/spm) and the event-related module. Images for each subject were realigned to the first volume in the time series to correct for head motion, slice time corrected, and spatially normalized into a standard stereotactic space (Montreal Neurological Institute template) using a 12 parameter affine model. Spatial smoothing was also applied with a Gaussian filter set at 12 mm full-width at half-maximum to minimize noise and residual differences in gyral anatomy. After realignment, data sets were also screened for high quality (scan stability) as demonstrated by small motion correction (Ͻ2 mm translation, Ͻ1.5°r otation). fMRI responses were modeled using a canonical hemodynamic response function (hrf), ratio normalized to the whole-brain global mean to control for systematic differences in global activity, and temporally filtered using an SPM default high-pass filter based on the frequency of the events and an hrf-shaped low-pass filter. Vectors were created for each condition using the timing of correct responses for each stimulus type. The timing of the incorrect responses and the residual movement were also modeled as regressors of no interest. Predetermined condition effects at each voxel were created using a t statistic, producing a statistical image for the contrasts: HIGH Ͼ baseline (HIGH), INT Ͼ baseline (INT), LOW Ͼ baseline (LOW), and HIGH Ͼ INT Ͼ LOW (HIGH Ͼ INT Ͼ LOW).
A second-level random-effects model that accounts for both scan-toscan and subject-to-subject variability was then used for group analyses.
To evaluate the main effect of the increasing level of attentional control, ANCOVA with gender as covariate [p Ͻ 0.05; family-wise error (FWE) rate, corrected, k ϭ 8] was performed across the three levels of attentional control (HIGH Ͼ INT Ͼ LOW). To evaluate the main effect of COMT genotype, ANCOVA with gender as covariate ( p Ͻ 0.05; FWE rate, corrected, k ϭ 8) was performed across the three genotypes (val/ val Ͼ val/met Ͼ met/met). To evaluate the interaction between COMT genotype and increasing level of attentional control, ANCOVA with gender as covariate ( p Ͻ 0.05; FWE rate, corrected, k ϭ 8) across genotypes (val/val Ͼ val/met Ͼ met/met and vice versa) was performed comparing the contrast images from the contrast HIGH Ͼ INT Ͼ LOW. These analyses were constrained by a mask based on the main effect of the task obtained by combining the HIGH, INT, and LOW group activation maps ( p Ͻ 0.001).
To compare brain activation across COMT genotypes within each level of attentional control (HIGH, INT, and LOW) ANCOVA across genotypes (val/val Ͼ val/met Ͼ met/met and vice versa), with gender as a covariate, was performed. The analysis was constrained by a mask generated by combining the group activation maps for the three genotypes for each of the three levels of attentional control ( p Ͻ 0.001, uncorrected).
Brodmann's areas were assigned to activated clusters using the Talairach Daemon Client (http://ric.uthscsa.edu/projects/talairachdaemon.html) after converting the Montreal Neurological Institute coordinates of the local maxima in the activated clusters to Talairach coordinates (http://www. mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml).
Region-of-interest analysis. Additional analysis was performed using MarsBaR to extract signal change from the cingulate region, the area that showed a significant interaction of genotype by increasing level of attentional control. The cingulate region of interest (ROI) was identified in the activated cluster from the contrast evaluating the interaction between level of attentional control and genotype (val/val Ͼ val/met Ͼ met/met). This ROI was applied to each group activation map (HIGH Ͼ baseline, INT Ͼ baseline, and LOW Ͼ baseline) for each genotype.
Additionally, to explore the contribution of neuronal activity in the DLPFC to behavior (see below), we also extracted BOLD signal change from the significantly activated cluster in this region that showed a main effect of increase in level of attentional control.
Regression analysis. To examine the relationship between COMT genotype, mean BOLD response in the cingulate cortex and DLPFC (extracted as described above), IQ, and accuracy, we performed a hierarchical multiple-regression analysis in which variables are entered (or removed) from the linear equation on the basis of their ability to improve R 2 at each successive step in the model (SAS Institute, Cary, NC). Genotype determination. DNA was extracted by standard methods. COMT val 108/158 met genotype was determined by 5Ј exonuclease allelic discrimination TaqMan assay (Livak, 1999) that uses the 5Ј nuclease activity of TaqDNA polymerase to detect a fluorescent reporter signal generated after PCRs.
Results
Behavioral data Accuracy
There was a main effect of increasing level of attentional control (F (2,38) ϭ 9.25; p Ͻ 0.0006), a main effect of genotype approaching significance (F (2,19) ϭ 3.39; p ϭ 0.055), and an interaction between level of attentional control and genotype (F (4,38) ϭ 4.90; p Ͻ 0.003) (Fig. 2) . Post hoc analysis with Fisher's LSD of the main effect of increasing level of attentional control showed a significant difference across all three levels (HIGH Ͼ INT, p Ͻ 0.000001; HIGH Ͼ LOW, p Ͻ 0.000001; INT Ͼ LOW, p Ͻ 0.0006).
Post hoc analysis of the main effect of genotype showed a significant difference between homozygote met/met and val/val genotypes (met/met Ͼ val/val; p Ͻ 0.022) and no difference between met/met and val/met ( p ϭ 0.30) or between val/met and val/val ( p ϭ 0.14). Post hoc analysis of the significant interaction between increasing level of attentional control and genotype indicated a statistically significant difference for accuracy to HIGH between met/met and val/val (met/met Ͼ val/val; p Ͻ 0.0009), between val/met and val/val (val/met Ͼ val/val; p Ͻ 0.022), and a trend toward significance ( p ϭ 0.1) between met/met and val/ met. No significant differences between genotypes were found in accuracy for INT and LOW levels of conflict (all p values Ͼ 0.6).
Reaction time
There was a main effect of increasing level of attentional control (F (2,38) ϭ 21.90; p Ͻ 0.00001), no effect of genotype (F (2,19) ϭ 1.11; p Ͼ 0.35), and no interaction between demand of attentional control and genotype (F (4,38) ϭ 0.20; p Ͼ 0.93) ( Table 1) . Post hoc analysis with Fisher's LSD of the main effect of level of conflict showed a statistically significant difference across all three levels (all p values Ͻ 0.000001).
Imaging data Effect of increasing level of attentional control
There was a main effect of level of attentional control with greater activation in HIGH in several brain regions, including the parietal cortex [Brodmann's area 7/40 (BA7/40)] bilaterally, the right dorsolateral prefrontal cortex (BA46), the medial vallum of the prefrontal cortex (supplementary motor cortex, BA6), the dorsal cingulate (BA32) bilaterally, and the right premotor cortex (BA6) (Fig. 3A) .
Effect of COMT genotype
There was a main effect of COMT genotype in the dorsal cingulate [BA24 (x, y, z: Ϫ4, Ϫ2, 41); Z ϭ 6.01; k ϭ 66] with greatest activation for val/val individuals, followed by val/met, and then met/met individuals. There were no significant differences in the inverse contrast (met/met Ͼ val/met Ͼ val/val) (Fig. 3B) .
Interaction of COMT genotype by level of attentional control
There was a significant interaction between increasing level of attentional control (contrast, HIGH Ͼ INT Ͼ LOW) and COMT genotype (val/val Ͼ val/met Ͼ met/met) in the dorsal cingulate [BA24 (Ϫ4, Ϫ2, 41); Z ϭ 3.62; k ϭ 57]. There was no significant difference in the inverse contrast (met/met Ͼ val/met Ͼ val/val) (Fig. 3C) .
Effect of COMT genotype within each level of attentional control
High attentional control demand. There was a main effect of genotype (val/val Ͼ val/met Ͼ met/met) that was again restricted only to the dorsal cingulate region [local maxima in BA24 (Ϫ8, Ϫ2, 41); k ϭ 23; Z ϭ 3.33; p Ͻ 0.001] (Fig. 4 A) . No significant differences were found on the inverse contrast (met/met Ͼ val/ met Ͼ val/val).
Intermediate attentional control demand. ANCOVA showed increased activation across genotypes (val/val Ͼ val/met Ͼ met/ met) only in the dorsal cingulate [local maxima in BA24 (Ϫ4, 2, 41); k ϭ 9; Z ϭ 3.62; p Ͻ 0.001] (Fig. 4 B) . No significant differences were found on the inverse contrast (met/met Ͼ val/met Ͼ val/val).
Low attentional control demand. ANCOVA at a significance threshold level similar to that used above did not show differential activation across genotypes in both directions (either val/ val Ͼ val/met Ͼ met/met or met/met Ͼ val/met Ͼ val/val). However, at a lower statistical threshold ( p Ͻ 0.002), differential activation was found only in the dorsal cingulate [local maxima in BA24 (Ϫ4 Ϫ5, 46); k ϭ 9; Z ϭ 2.81] in the contrast val/val Ͼ val/met Ͼ met/met (Fig. 5 ).
Regression analysis
To assess the relative predictive power of regional neurophysiology and COMT genotype on accuracy performance during the critical high-demand condition, we regressed the following variables onto accuracy: COMT genotype, IQ, DLPFC BOLD signal, cingulate BOLD signal, and interaction terms composed of genotype by cingulate and genotype by DLPFC BOLD signal. Using a variant of stepwise regression designed to maximize "explained variance," we found that only two variables entered at significant levels: COMT genotype, which accounted for 33% of the accuracy variance at HIGH (standardized ␤ ϭ 0.85; p ϭ 0.0017), and BOLD signal change in the dorsal cingulate, which accounted for vv, val/val; vm, val/met; mm, met/met. 9% of the accuracy variance at HIGH (standardized ␤ ϭ 0.47; p ϭ 0.059). For both INT and LOW conditions, no variables or combination of variables accounted for a significant proportion of the variance (R 2 Ͻ 0.12). Most importantly, BOLD signal change in the dorsolateral prefrontal cortex did not contribute significantly to the variance in accuracy across individuals during this task at any level of load ( p ϭ 0.2).
Discussion
We report convergent findings that implicate an effect of the COMT val 158 met functional polymorphism on the function of the normal dorsal cingulate cortex. First, there is a met allele load effect on the performance of the VAC task, a task that demands an increasing level of attentional control for which the cingulate has been particularly implicated. Individuals homozygous for the high-activity val allele perform relatively worse on this task (decreased accuracy) when compared with val/met heterozygotes, which in turn perform worse when compared with individuals homozygous for the low-activity met allele. It is noteworthy that these groups of normal volunteers were matched on age, IQ, and other demographic factors.
The imaging data show that, although increasing the level of task difficulty is associated with an increase in the activity of a network of brain regions that include the dorsal cingulate cortex, the dorsolateral prefrontal cortex, and the parietal cortex, the effect of the COMT val 158 met polymorphism during the task is especially robust in the dorsal cingulate, where activity and performance covary. Here again, there is a met allele load effect, with individuals homozygous for the val allele showing much more activity than the val/met heterozygotes, who in turn show greater activity than the individuals homozygous for the met allele. This suggests that met allele load, presumably by modulating dopaminergic tone, improves the "efficiency" in the physiological response of the cingulate cortex during conflict monitoring. Interestingly, this effect of the COMT val 158 met polymorphism is most evident at the highest level of conflict, presumably when demands for efficient processing are greatest.
The effect of the COMT val 158 met polymorphism on accuracy during the VAC task is consistent with the basic science literature detailed above (Liljequist et al., 1997; Tunbridge et al., 2004) and with several studies in healthy humans and in patients with schizophrenia, albeit in the context of working memory tasks Bilder et al., 2002; Malhotra et al., 2002; Goldberg et al., 2003; Bertolino et al., 2004) . The lack of the COMT genotype effect on behavioral reaction time may appear counterintuitive, but it is consistent with recent studies in animals suggesting that the effect of dopamine signaling in the medial prefrontal cortex during attention is more evident for discriminative performance than for speed (Chudasama and Robbins, 2004) . In addition, results from lesion studies suggest that lesions of the dorsal pregenual cingulate cortex induce deficits in response accuracy (Passetti et al., 2002; Chudasama et al., 2003) , whereas lesions of the ventral infralimbic region of the medial prefrontal cortex increase premature responding during attention. These results are also consistent with data from human studies Bertolino et al., 2004) suggesting that response latency is not specifically influenced by dopaminergic signaling in cingulate during cognition. Consistent with the behavioral data, our imaging data show a specific and exclusive effect of COMT val 158 met genotype on activity in the dorsal cingulate region during this specific task. Given the abundant dopaminergic projections to the cingulate, we had hypothesized that COMT genotype would affect level of activity in this region. In the dorsal cingulate, val homozygotes have higher activation at the highest level of conflict relative to met homozygotes. Thus, at the highest level of conflict, val homozygotes increased activation in the dorsal cingulate despite impaired performance (accuracy); this region of the dorsal cingulate has been implicated previously in conflict during tasks involving hand movements (Paus, 2001) . Collectively, the imaging and behavioral data suggest less-efficient cortical processing of the stimuli and less-efficient allocation of attentional resources in individuals homozygous for the val allele. We use the term efficiency here to represent an empirical inverse relationship between performance and BOLD response, which has been reported in the context of a variety of cognitive control tasks (Rypma and D'Esposito, 1999; Callicott et al., 2000) .
The effect of the COMT val 158 met polymorphism became more apparent as demand for attentional control increased. These findings are consistent with those of Mattay et al. (2003) and Bertolino et al. (2004) , albeit in the DLPFC in the context of working memory performance, showing inefficient information processing primarily at high task demand in individuals homozygous for the val allele relative to the other two groups. Not surprisingly, they suggest that COMT genotype effects are most evident when processing load stress-specific neural systems, perhaps limiting redundancy in the processing parameters.
Several studies have found error-related activity in the cingulate cortex, suggesting that it is implicated in cognitive processes associated with erroneous performance. In this regard, there is an ongoing debate in the literature about the specific function of the cingulate during erroneous performance. It is unlikely that the effect of the COMT val 158 met genotype on cingulate activity that we observed is related to error-related activity, because we analyzed activity related to only correct responses. Although the effect of COMT genotype on error-related activity in the cingulate poses an interesting question, the number of errors committed, although statistically different across the genotype groups, were few (ϳ4%), precluding the exploration of this issue in a statistically meaningful way.
In the present study, we did not find an effect of the COMT val 158 met polymorphism on DLPFC activity. Previous studies using working memory tasks have shown an effect of this polymorphism primarily in the DLPFC, with no significant effect in other brain regions in the working memory network, including the cingulate and parietal regions. In this study, we used a task that was specifically designed to manipulate the level of conflict monitoring required and thereby the level of activity in the cingulate. In this experimental context, we find an effect of the COMT val 158 met polymorphism only on the activity of the cingulate. We also find that brain activity predicts task performance only in the cingulate. We believe that this supports the notion that the conflict-monitoring aspects of this task are the critical processes engaged and that the load on DLPFC processing is minimal. Evidence suggests that the dorsal cingulate is primarily involved in handling conflict (Carter et al., 1998 Botvinick et al., 1999; Casey et al., 2000; MacDonald et al., 2000; Durston et al., 2003; Weissman et al., 2003; Kerns et al., 2004) and that the dorsolateral prefrontal cortex is primarily involved in executive cognition, updating , and working memory function (Callicott et al., 1999) . Furthermore, we also found, using hierarchical multiple-regression analysis, that only COMT genotype and BOLD signal change in the cingulate contributed significantly to the variance in accuracy across individuals during this task; DLPFC activity did not contribute significantly to this variance. Together, these data suggest that COMT val 158 met poly-morphism modulates dopaminergic signaling and thereby brain activity in a task-and region-specific manner. This notion is consistent with the observations of Mattay et al. (1996) , who noted that amphetamine, a monoaminergic drug, in humans modulated activity in the prefrontal cortex during executive cognition and in the hippocampus during episodic memory processing, and of Chudasama and Robbins (2004) , who reported that cortical infusions of a dopamine receptor D 1 agonist [SKF 81297 ((Ϯ)-6-chloro-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahydro-1M-3-benzazepine] in rats differentially regulate attention and working memory performance. In summary, these results strongly suggest that, in the context of attentional control, variation in dopamine signaling mediated by COMT is critical for processes that engage specific subregions of the prefrontal cortex (e.g., conflict management in the dorsal cingulate). These results add to evidence from pharmacological studies that dopaminergic modulation influences the efficiency of executive attention. Furthermore, they may represent a viable approach to understanding individual differences in attentional control and possibly neuropsychiatric disorders with complex genetic etiologies that show attentional deficits.
